The internal and external North Atlantic Sector variability is investigated by means of a multimillennial control run and forced experiments with the Kiel Climate Model (KCM). The internal variability is studied by analyzing the control run. The externally forced variability is investigated in a run with periodic millennial solar forcing and in greenhouse warming experiments with enhanced carbon dioxide concentrations. The surface air temperature (SAT) averaged over the Northern Hemisphere simulated in the control run displays enhanced variability relative to the red background at decadal, centennial, and millennial timescales. Special emphasis is given to the variability of the Meridional Overturning Circulation (MOC). The MOC plays an important role in the generation of internal climate modes. Furthermore, the MOC provides a strong negative feedback on the Northern Hemisphere SAT in both the solar and greenhouse warming experiments, thereby moderating the direct effects of the external forcing in the North Atlantic. The implications of the results for decadal predictability are discussed. 
Introduction
Climate variability can be either generated internally by interactions within or between the individual climate subcomponents (e. g., atmosphere, ocean, and sea ice) or externally by e. g. volcanic eruptions, variations in the solar insolation at the top of the atmosphere, or changed atmospheric greenhouse gas concentrations in response to anthropogenic emissions. Examples of internal variations are the El Niño/Southern Oscillation (ENSO), the Pacific Decadal Variability (PDV), the North Atlantic Oscillation (NAO), or the Atlantic Multidecadal Variability (AMV). The existence of the internal variability can readily explain not only the redness of typical climate spectra but also some of the peaks superimposed on them. The general stochastic climate model concept (HASSELMANN, 1976 ) is a suitable zero-order model of these features.
Externally driven climate variability can result, for instance, from variations in the Earth's orbital parameters which are the pacemakers of the ice age cycles on timescales of many millennia (HAYS et al., 1976) . On shorter timescales of decades to a few millennia, internal solar physics causes variations of the solar output. The climate record of the Holocene can only be understood when taking into account these variations in solar input to the Earth (CROWLEY, 2000; JANSEN et al., 2007) . BOND et al. (2001) describe a solar forcing mechanism which may underlie at least the Holocene segment of the North Atlantic's quasi-periodic 1500-year cycle. Ice records from Greenland also show fluctuations on a similar timescale during the last glacial period: strong warm phases referred to as "Dangaard-Oeschger events" occurred on average around every 1500 years. It is unclear whether Dansgaard-Oeschger events are externally or internally driven, but the similarity in the periodicity to that described by BOND et al. (2001) suggests some external origin. This is supported by GANOPOL- SKI and RAHMSTORF (2001) who argue based on simulations with a climate model of intermediate complexity that Dansgaard-Oeschger events are triggered by a weak millennial-scale solar forcing which excites an internal millennial mode of the climate system. However, MUSCHELER and BEER (2006) do not find evidence for this hypothesis in Greenland isotope records. Finally, climate reconstructions of the last two millennia also • E, • N), linearly de-trended annual mean European SAT, linearly de-trended North Atlantic • N), summer Sahel rainfall, Atlantic hurricane activity (ACE index), and North Atlantic SST repeated from above. All time series are deviations from the long-term mean. All temperature time series are in units of [
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suggest a millennial solar forcing. The Medieval Warm Period around 1000-1200 and the Little Ice Age around 1500-1700 were presumably driven at least partly by variations in solar radiation (e. g., CROWLEY, 2000) . However, it is still uncertain how widespread and coherent these fluctuations were, so that we cannot confidently attribute them to solar (i.e. a global) forcing. The latter attained a maximum during the Middle Ages, a broad minimum around the middle of the last millennium and high values again during the 20 th century. Anthropogenic climate change such as global warming as a result of an enhanced greenhouse effect in response to increased greenhouse gas concentrations is also considered as externally driven.
Here we consider both the internal and external variability as simulated in a series of numerical experiments with the Kiel Climate Model (KCM). Special attention is given to the Meridional Overturning Circulation (MOC) (see e.g., SCHMITTNER et al., 2005 for review) . Since the observational database is insufficient to describe the low-frequency MOC variability, long control integrations of climate models have been used to obtain insight into the dynamics of MOC variability (e.g. DELWORTH et al., 1993; TIMMERMANN et al., 1998; DELWORTH and MANN, 2000; LATIF et al., 2004; KNIGHT et al., 2005 and KNIGHT et al., 2006) . Such models simulate MOC variability on a wide range of timescales, from monthly to centennial. LATIF et al. (2004) showed a rather strong connection between indices of MOC and North Atlantic SST in a multicentury control integration of a climate model. This was followed up by LATIF at al. (2006) who reconstructed the relative MOC changes during the 20 th century with observed Atlantic sea surface temperature (SST). They used the inter-hemispheric SST dipole, a pattern with opposite polarities in the North and South Atlantic (e.g. FOLLAND et al., 1986) , as a fingerprint of MOC change and report strong multidecadal variability with an increase in MOC strength from the 1970s to the 1990s. This, although supported by forced ocean model simulations (LATIF et al., 2007) , can of course be considered only as a very crude estimate of the multidecadal MOC variability.
The strong multidecadal or even longer-timescale variability, internally or externally driven, may mask anthropogenic climate signals which evolve on similar timescales. LATIF et al. (2006) , for instance, concluded that the expected anthropogenic weakening of the MOC may not be detectable during the next decades due to the presence of the strong internal multidecadal variability. This may not only apply to the MOC itself but also to other potentially related quantities such as European surface air temperature (SAT), Sahel rainfall or Atlantic hurricane activity ( Fig. 1 ) which are also characterized by pronounced multidecadal variability (e. g., ZHANG and DELWORTH, 2006) and may hinder early detection of an anthropogenic signal. In this study, we investigate the results from integrations with KCM in order to explore the level of internal Northern Hemisphere SAT and MOC variability up to millennial timescales and to investigate the model's response to external (solar and greenhouse gas) forcing. The paper is organized as follows. We describe in section 2 the model and the experimental setups. The internal variability is presented in section 3, the external variability in section 4. The implications for decadal predictability are discussed in section 5. The paper is concluded with a brief summary and a discussion of the main findings in section 6.
Model and experiments
The Kiel Climate Model (KCM) described in detail by PARK et al. (2009) The horizontal ocean resolution is based on a 2 • Mercator mesh and is on average 1.3 • , with enhanced meridional resolution of 0.5 • in the equatorial region, and with 31 levels in the vertical.
The internal variability is investigated with a multimillennial control run. KCM was integrated for 5000 years in total using the same model version described in PARK et al. (2009) but with slightly different parameters. We consider here only the last 4200 years after skipping the initial 800 years to account for model spin up. It should be mentioned that the orbital parameters vary slowly according to the Milankovitch Cycles in the control run, as predicted for the next millennia. This, however, should not have a strong influence on the results described below. PARK and LATIF (2008) der to study the role of ocean dynamics in the response to solar forcing an additional experiment was performed, in which the dynamical ocean model was replaced by a constant-depth (50 m) mixed layer ocean model. Only one complete cycle was computed. The investigation of the longer run with KCM revealed that the large-scale response patterns do not change much from cycle to cycle so that we can assume that just one cycle is sufficient. We investigate the model response under "present-day" conditions, with a CO 2 concentration of 348 ppm that was also used in the control run. The solar forcing experiments should be considered as sensitivity experiments to better understand the climate response to direct solar forcing. The CO 2 concentration is increased by 1 % (compound) in an ensemble of four 100 year long greenhouse warming experiments, in which the concentration doubles after about 70 years and is stabilized thereafter for another 30 years.
Internal variability
Figure 2 displays the evolution of SAT averaged over the Northern Hemisphere simulated in the control run together with the corresponding spectrum. Surprisingly, the level of decadal to centennial variability in Northern Hemisphere surface air temperature (SAT) simulated by KCM is consistent with that obtained from the JONES and MANN (2004) reconstruction (Table 1) . Statistically significant peaks above the 90 % level (relative to the spectrum of a fitted AR1-process) are found at three periods: ∼60-90 years, ∼300-400 years and ∼800-1000 years. The multidecadal peak, however, is quite modest. An interesting result of the control run is the strong level of multicentennial to millennial variability simulated under (almost) constant boundary conditions. We focus in the following on the Atlantic MOC. The mean MOC as described by the overturning streamfunction is simulated reasonably well (Fig. 3a) and consistent with that simulated by other climate models. We computed first an index of the MOC strength as the maximum of the overturning streamfunction at 30 • N. The annual index (Fig. 3b) has a mean value of 13.6 Sv and exhibits rich variability on different timescales. MOC strength varies between about 11-18 Sv, and decadal to centennial variability is obvious with strong year-to-year fluctuations superimposed. The corresponding spectrum (Fig. 3c) is red up to millennial timescales. At decadal timescales, a broad and statistically significant (above the 99 % level) peak (relative to the spectrum of a fitted AR1-process) is seen at periods of about 50-100 years. Thus, KCM's multidecadal AMV-type MOC variability seems to be oscillatory in nature. It should be mentioned, however, that the model's AMV is centred at periods of about 60-80 years and that the related SAT variability at a period of about 100 years has a different spatial structure, indicating it is governed by different dynamics.
Since we are interested here only in the long-term MOC variability, we averaged the annual data to 5-year means in the subsequent analyses. In order to separate the multidecadal from the multicentennial variability we employ temporal filtering: first, a low-pass filter retaining variability with periods longer than 90 years is applied to investigate multicentennial variability, and second, a band-pass filter, retaining variability with periods between 30 and 90 years to study multidecadal variability. The two filtered time series (not shown) are equivalent to those in PARK and LATIF (2008) except for the 200 year longer time period analyzed here. The corresponding standard deviations are: 1) annual MOC index = 1.02 Sv, 2) band-pass filtered (multidecadal) index = 0.46 Sv, and 3) low-pass filtered (multicentennial) index = 0.45 Sv. Composites for the overturning streamfunction were computed using the two filtered time series, applying a one standard deviation threshold. The high minus low composite for the multicentennial variability (Fig. 4a ) yields an intensified North Atlantic Deep Water (NADW) cell that extends to deeper levels. The strongest change is simulated at 30 • S, suggesting that the multicentennial MOC variability is driven in the Southern Hemisphere. The composite for the multidecadal variability shows a similar strengthening of the NADW cell (Fig. 4b) . The maximum change, however, is simulated near 40 • N suggesting a northern control of the multidecadal variability, as in many other models.
The SAT pattern associated with the multicentennial and multidecadal variability was computed by linear regression upon the corresponding filtered MOC time series. Again 5-year means were used. The SAT regression patterns (Figs. 5a, b) support the picture that the multicentennial variability is driven in the Southern Hemisphere, while multidecadal variability originates in the Northern Hemisphere. The multicentennial SAT pattern (Fig. 5a) variability is clearly dominated by SAT anomalies in the North Atlantic (Fig. 5b ). In comparison with the multicentennial pattern, the North Atlantic anomalies are much stronger relative to those in the South Atlantic and they extend farther north into the Arctic. Explained variances are rather small and generally well below 10 %, except in a region extending from the Iberian Peninsula into the Tropics. We also investigated the impact of MOC variability on sea ice (not shown). The multicentennial MOC variability is connected to strong changes in Southern Hemisphere sea ice extent. During phases of strong multicentennial events maximum sea ice extent changes from about 15 to almost 20·10 6 km 2 , a change of 25 %. Such a strong internal fluctuation is much larger than the observed increase in Antarctic sea ice extent since the late 1970s of about 0.1-0.2·10 6 km 2 . The Northern Hemisphere sea ice extent does not display any strong centennial-timescale variability. In contrast, sea ice fraction anomalies associated with the multidecadal MOC variability yield coherent changes in the Northern Hemisphere of up to 20 %/Sv, but are not coherent in the Southern Hemisphere. In summary, pronounced internal multidecadal and multicentennial SAT and MOC variability is simulated by KCM in the control run. Furthermore, a clear timescale separation exists in the spatial structures associated with multidecadal and multicentennial MOC variability. KCM even simulates strong internal variability at millennial timescales. However, the control is too short to investigate the millennial variability in a meaningful manner.
External variability
Northern Hemisphere SAT variability is much stronger in the solar forcing experiment than in the control run (Table 1, Figure 6 ) and clearly varies approximately in phase with the solar forcing, as indicated by the corresponding cross correlations amounting to more than 0.8 for both decadal and centennial means ( Table 2 ). The decadal standard deviation in the solar forcing experiment is twice as large as that simulated in the control run and the centennial standard deviation is three times as large. Consequently, the variability in the former is also much stronger than that obtained from the JONES and MANN (2004) The MOC strongly responds to the solar forcing in KCM (Fig. 7 ). An MOC response was also found by CUBASCH and VOSS (2000) in one of their climate model experiments with different solar forcing reconstructions for the last centuries. The lag between the solar forcing and the MOC is small and of the order of a decade. The MOC variability (Figs. 7a, b) is strongly constrained by the forcing frequency, as seen in the corresponding spectra (Figs. 7c, d ). The decadal standard deviation increases by about 20 % compared to that simulated in the control run (Fig. 7a) and the centennial standard deviation by about 50 %. The forced MOC response has a strong impact on SAT. A high-MOC minus low-MOC SAT composite was computed using 100-year periods centred on the four maxima and minima in the solar forcing and introducing a lag of 50 years to account for the inertia (Fig. 8a) . As expected, most regions exhibit warming. In the North Atlantic, however, the response consists of cooling. Cross correlations between the solar forcing and the MOC changes amount to -0.41 and -0.67 for decadal and centennial means, respectively. Cross correlations were also computed between the changes in MOC and Northern Hemisphere SAT (Table 2). In the control run, the correlations are positive but weak on both decadal and centennial timescales. The sign of the correlation changes in the solar forcing experiment, indicating the MOC acts as a strong negative feedback not only locally in the North Atlantic but also for Northern Hemisphere SAT. In the North Atlantic, the MOC response even overrides the effect of the direct forcing in this region. LUTERBACHER et al. (2004) , for instance, show indeed strongest changes over Eastern Europe and little or no cooling in Western Europe in their reconstructions of European temperatures during the Little Ice Age. This finding is consistent with the negative MOC feedback described here, but other processes such as a persistent change in the atmospheric circulation have also to be considered in this context.
In order to separate more clearly the influence of the ocean dynamics, specifically that of the MOC, from at- • C] and (b) SLP [hPa] from the solar forcing experiment. The composites were computed using 100-year periods centred on the four maxima and minima in the solar forcing and introducing a lag of 50 years to account for the inertia. mospheric mechanisms a second forced integration was performed, in which the dynamical ocean model was replaced by a fixed-depth (50 m) mixed layer model that by definition does not carry varying ocean dynamics. The response of NH-SAT is about 40 % stronger in the mixed layer run in comparison to that simulated by KCM. We display the difference of centennial means around year 250 (solar maximum) and year 750 (solar minimum) from the mixed layer run. Again, a lag (20 years) was introduced to account for the inertia. The SAT response pattern (Fig. 9a) in the run without varying ocean dynamics is much more flat than that in the run with varying ocean dynamics. In particular, no cooling is simulated over the North Atlantic, which sharpens the point made above about the prominent role of the MOC in shaping the SAT response to solar forcing. A weak local minimum in the North Atlantic is simulated, which is due to the stronger westerly winds in that region in response to anomalously low pressure in the high latitudes and anomalously high pressure further to the south (Fig.  9b) . The strong cooling in the North Atlantic simulated in the solar experiment with KCM (Fig. 8a) can thus not be explained by a changed atmospheric circulation and the associated enhanced heat loss from the ocean to the atmosphere.
The high-low SAT composite in KCM shows strongest changes in the North Atlantic portion of the Arctic, specifically in the Barents Sea (Fig. 8a) , although a weakened MOC would imply the opposite. Both observations and modeling studies indicate the existence of a positive dynamical feedback between sea ice, the atmospheric and the oceanic circulation in this region (IKEDA, 1990; ADLANDSVIK and LOENG, 1991; MYSAK and VENEGAS, 1998; BENGTSSON et al., 2004) . Consider a situation in which the sea ice retreats initially in response to an enhanced solar forcing. This leads to the generation of anomalous cyclonic circulation in the lower atmosphere and thus to strengthened westerly winds over the western opening of the Barents Sea, thereby increasing both the oceanic and atmospheric heat transport into the region, which reinforces the initial change. The mechanism for the amplification of the response in the Barents Sea will be described in more detail and in the context of rapid climate transitions in a forthcoming paper (SEMENOV et al., in press). It has been suggested (SHINDELL et al., 2001; LUTERBACHER et al., 2004 ) that the NAO is a main agent in shaping the response to solar forcing. We find only a small NAO-forced response in our experiment with periodically varying solar forcing (Fig. 8b) . For instance, no statistically significant changes in the NAO-spectrum were found at the forcing frequency (not shown). It should be mentioned, however, that the SLP response pattern projects onto that of the Arctic Oscillation (AO). KCM simulates a strong sea level pressure (SLP) anomaly out-of-phase with the solar forcing over the Atlantic portion of the Arctic and over Scandinavia, with strongest changes of up to 1 hPa over the Barents Sea (Fig. 8b) , and considerably weaker in-phase changes further to the south. As described above, this type of sea level pressure response tends to amplify the solar-forced temperature change in this sector, specifically over the Barents Sea, most of Scandinavia, and Eastern Europe.
Additional experiments in which the CO 2 concentration was increased by 1 %/year yield very similar spatial response patterns in SAT and SLP over the Northern Hemisphere (Fig. 10) . We note, however, that the forcing amplitude in the solar experiment is much stronger than the changes observed during the 20 th century (e.g., HEGERL et al., 2007) . Inferences about the role of solar forcing for the 20 th century warming can thus not be drawn from the sensitivity experiment presented here.
Decadal predictability
The results of the model simulations are of interest to decadal predictability. In principle both the internal and external variability can give rise to predictability. Two types of predictability are generally discussed: the predictability of the first and that of the second kind. The former results from changes in the initial conditions the latter from changes in the boundary conditions. Here we discuss the potential decadal predictability (BOER, 2004) , i.e. the question of whether the decadal variability is strong enough to be clearly distinguished from the background climate noise. We investigated the potential predictability only in the control run. The ratio of the SAT variance in the band 10-100 years relative to the total SAT variance was computed using annual mean values (Fig. 11a) . The North Atlantic-Arctic Sector is clearly a region of high potential decadal predictability. Other regions of high potential decadal predictability are the North Pacific and the South Atlantic. Interestingly, the decadal predictability potential is concentrated in the mid-and high latitudes, while the interannual predictability potential is concentrated in the Tropics, specifically in the Equatorial Pacific (not shown).
Like in the North Atlantic the relatively high potential decadal predictability in the South Atlantic originates partly from the basin-wide decadal-scale MOC variability. The relationship between the decadal-scale MOC and North Atlantic SST variability is shown by means of a lag-correlation analysis (Fig. 11b) . The MOC strength as defined as the maximum of the overturning streamfunction at 30 • N was lag-correlated with the North Atlantic SST averaged over the latitude belt 40-60 • N, a region that is strongly influenced by the MOC (LATIF et al., 2004) . The correlation is highly significant (above the 95 % level) and the MOC strength leads the North Atlantic SST by several years, indicating the MOC drives the SST changes.
Discussion
A series of extended-range integrations were performed with the Kiel Climate Model (KCM) in order to study internal and external climate variability in the North Atlantic Sector. KCM simulates pronounced internal variability up to millennial timescales in the Northern Hemisphere surface air temperature (SAT) and the Meridional Overturning Circulation (MOC) in a multimillenial control integration. Multicentennial MOC variability is controlled by Southern Hemisphere and multidecadal variability by Northern Hemisphere processes. The centennial-scale variability shares many common aspects with that found in previous ocean model studies (e.g., MIKOLAJEWICZ and MEIER-REIMER, 1990 Figure 11 : a) Potential predictability as defined by the ratio of SAT variance in the band 10-100 years relative to the total variance computed from the control run. b) Lag-correlation between an index of MOC strength and a North Atlantic SST index. Annual data were used in both panels. Prior to the computation of the lag-correlation an 11-year running mean filter was applied.
2006). The millennial variability was not studied in detail given the relatively short integration time. We have also investigated the climate response to periodic millennial solar forcing. The simulated decadal to centennial Northern Hemisphere SAT variability in the run with time-varying solar forcing and the control run are both consistent with paleoclimatic reconstructions of the last two millennia, given the large uncertainty in these. The variability in the solar forcing experiment, however, is at the high end of the reconstructions. The changes in the MOC provide a strong negative feedback on Northern Hemisphere surface air temperature, overriding the direct effects of the local solar forcing over the North Atlantic. Solar brightening was observed during the early 20 th century. At that time, the North Atlantic warmed rapidly rather than cooled. This could suggest that internal processes may have played a more important role in driving the warming than the anomalous solar forcing.
The presence of natural climate variability, internally or externally driven, makes the early detection of an anthropogenic climate signal a challenge. The results presented here are important with respect to the detection of anthropogenic climate change in different ways. First, the presence of the strong internal variability may hinder early detection of anthropogenic climate change, as the variability patterns are not orthogonal to the climate changes patterns. SAT variability associated with the Atlantic Multidecadal Variability (AMV), for instance, does project onto the globally averaged SAT. Second, the surface response patterns associated with millennial solar forcing, a potentially important external natural driver of climate, and greenhouse gas forcing are also similar. Third, the observed Northern Hemisphere SAT exhibited rather strong multidecadal variability during the 20 th century. In the Arctic, for instance, the rate at which warming evolved during 1920-1940 was as strong as the warming rate observed during the most recent decades, an observation also seen in North Atlantic SST and European SAT (Fig. 1) . Thus, the recent strong climate changes in the Arctic including the strong sea ice retreat may be caused by a superposition of anthropogenic and natural (internal) factors. Finally fourth, the AMV is oscillatory in nature in KCM and other climate models, and probably also in the real world ( Fig. 1) , which is supported by Northern Hemisphere SAT reconstructions of the last millennium. This provides a decadal predictability potential. Climate model projections for the next few decades could thus benefit from the initialization with present climate conditions. SMITH et al. (2007) and KEENLYSIDE et al. (2008) , for instance, show encouraging results with regard to decadal forecasting.
